
Technical Report 

Efficiency of Fission Electric Ceils 

J E T  P R O P U L S I O N  L A B - O R A T O R Y  
- >  

C A L I F O R N I A E T ~ I T U T E  O F  T E C H N O L O G Y  

PASADENA- 
U’ 

- 

M a y  25; 1961 



NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

CONTRACT No. NASw-6  

Technical  Report No. 32-105 

EFFICIENCY OF FISSION ELECTRIC CELLS 

Clifford J.  Heindl 

Frank  B. Estabrook.  Chie f  
P h + s i c s  Sec t ion  

J E T  P R O P U L S I O N  L A B O R A T O R Y  

C A L I F O R N I A  I N S T I T U T E  O F  T E C H N O L O G Y  

P A S A D E N A ,  C A L I F O R N I A  
Ylav 25, 1961 



JPL Technical  Report N o .  32-105 

Copyright C 1961 
Jet Propulsion Laboratory 

Ca!i!or~ia !nstitnte of Technnlogy 

i i  



JPL Technical  Report No . 32-105 

CONTENTS 

I . 

I I  . 

1 1 1  . 

I v . 

v . 

VI . 

I n t  ro du ct i on . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Assumptions ................................................................................ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Col  cul ation of  Ef f ic iency ........................... ................... ........................................................ 

A . Def in i t ion of  Ce l l  Ef f ic iency .. ............................................................................................................. 

B . Zero Voltage Case . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

C . F i n i t e  Voltage Case . . . . . . . . . . . . . . . . .  . . . . . . . . . . . .  . . . . . . . . . . . . .  

Numerical Sojution . . . . . . . . . . . . . . . . . . . . . . . . . . .  . .  . . . . . .  . . . . .  

Resu I t s . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Anal y t i  ca I So Iu t ion s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

F igures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

FIGURES 

Simpl i f ied f iss ion c e l l  ........................................................................................................................................ 

Ef f ic iency vs  voltage for paral le l  plane electrode fission ce l l  

Ef f ic iency vs voltage for spherical electrode f ission ce l l  

Ef f ic iency vs voltage for cy l indr ica l  electrode fission c e l l  

.................................................................. 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

1 

3 

4 

4 

5 

6 

20 

22 

22 

25 

26 

26 

27 

28 

29 

... 
!!! 



JPL T e c h n i c a l  Report No. 32- 105 

ABSTRACT 

Electrical efficiencies a r e  calculated for fission- 

electric cel ls  of Iiarallel plate. concentric sphere.  and  con- 

ceniric r v l i n d e r  zmmetr ies  a 5  a function of oppratine \ .o l tnge 

a n d  fuei I n \  pr  th i rkness .  For c;:!ic'ricaI a n d  cvlinjricai  cell:. 

se\-erai r c i t i r j G  o f  outer to inner r a d i i  arc' included. co\-rrinr. 
ti:e ranzp \'I l i i i  I ,  c' f i , r  ;: r F A c i ( : : 3 r  

be carried on a c 4 1 c 11 1 a t  i r )n  s a re si ni 1 i i f i  r.li 

by ignoring thc distribution of f i s s i o n  fraznient n i a . ~ ~ s .  

charges.  a n d  kinetic energies a n d  utilizing average v a l u e s  

for these quantit ies:  a linear rate o f  errerF) l o ~ s  is iissuillpd 

for the f i r s t  portion of t h e  fragment trajectories.  a s  they 

p a s s  through the f u e l  layer. The calculated efficiencies 

decrease Mith fuel l a y e r  thickness.  incrensr w i t h  the  c u r v a -  

ture of the electrodes and ratio of outer to inner electrode 

radii. and exhibit a maximum at oivrnting v o l t a p s  r i t 'nr  

one-half of r n a x i n u m  achievable p o t e n t i a l .  

I .  INTRODUCTION 

I 
hark is in p r o g r e s s  a t  a number of l abora to r i e s  on the  problem of producing electricit!. from f i s s ion  in a 

n u c l e a r  reac tor  wi thout  u s i n g  a themiodvnamic c y c l e .  0r .e  pu rpose  of t h i s  work i s  t he  deve lopmen t  of a l ightiveight 

poL\er supply  func t ion ing  wi thout  ro t a t ing  machine?- for u s e  in s p a c e  app l i ca t ions .  

O n e  concep t  \ \h ich  has  been advanced  dur ing  the c o u r s e  o f  t h i s  tiex-elopment is the  d i r ec t  c o n \ e r s i o n  of the  

k ine t i c  e n e r g -  of  t he  cha reed  f i s s ion  f ragments  in to  e iec t r ica l  e n e r m  in a f i s s ion  f l r c t r i r  (,ell tllrf. 1 ) .  -4 s impl i f ied  

Lers ion  of such  a c e l !  is shc,wn in F i g .  1. T \ \ o  iiieta! p l a t c s  a rc  acparatcc! h v  a i a c u u i i i  c'ip Mille enough tL) p r e i e n t  

vo l tage  breakdown between the  p l a t e s :  on the uppe r  surface of t he  lo \ \ c r  p l a t e  is a la!er of f i s s i o n a b l e  mater ia l .  'l'hta 

ce l l  is \\ithin. o r  m a y  cons t i t u t e  o n e  fuel e l emen t  of ,  a nuc lear  reac tor .  S e u t r o n s  s t r ik ing  t h e  fuel la>-er  on the  lo \ \ e r  
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II. ASSUMPTIONS 

SeLeral  sirnplif\ ing  a s s u m p t i o n s  h a v e  been  made to r e d u c e  the c a l c u l a t i o n a l  problem to e a s i l y  manageable  

form. These a s s u m p t i o n s  a re :  

1 l n i f o n n i t y  of f i s s son  fragments: 

411 f i s s i o n  f ragments  a re  a s s u m e d  to be of a s i n g l e  m a s s  and a s i n g l e ,  c o n s t a n t  charge  and to  

s t a r t  ou t  at a s i n g l e  energy with isotropic  d is t r ibu t ion .  

2. Linear rate of  energy loss: 

I t  is assumed t h a t  the  energ). of a f iss ion fragment t ravers ing  fuel mater ia l  i s  E = E ,  (1 - r/.’h). 

h h e r e  E, is t h e  starting! e n e r p - .  r tlie Oij tance t rave led  s i n c e  b i r t h .  and  h the ex t rapola ted  range  

in f u e l  mater ia l .  which i s  approximatelv one-half  the  a c t u a l  range .  T h e  l i n e a r  assumpt ion  s e r i o u s l y  

o v e r e s t i m a t e s  ra te  of e n e r p  l o s s  at 10% e n e r g i e s ,  bu t  is \-cry good over  t h a t  portion of the  fragment  

range  \%hich is important  here .  

3.  E f f e c t i v e l y  plane sources:  

T h e  curvature  of the  fuel  l a y e r  in spher ica l  and  cy l indr ica l  c e l l s  has  been  ignored in computing t h e  

rate  and  e n e r e  of f i s s i o n  fragment emission from t h e  fuel  s u r f a c e .  A l l  c a s e s  a re  t r e a t e d  a s  p lanar .  

$ nirnportance o f  e d g e  e f f e c t s :  

Both p lane  and  o l i n d r l c a l  c e l l s  ha \e  been t rea ted  as  if the  e l e m e n t s  \ \ e r e  inf in i te  in e x t e n t  

5. S t ead) - s ta t e  operation: 

Current  w a s  presumed to be f lowing through the  ex terna l  c i rcu i t  a t  a c o n s t a n t  r a t e  equal  to the 

internal  flow of charged  p a r t i r l e s  between p l a t e s .  g iv ing  a c o n s t a n t  vo l tage  a c r o s s  the c e l l .  

6 Extraneous charge flou ignored: 

I t  is a s s u m e d  t h a t  all e l e c t r o n s  e j e c t e d  from t h e  fuel  l a y e r  in the s l o b i n g - d o n n  p r o c e s s  a r e  

prevented  from r e a c h i n g  t h e  anode,  a n d  tha t  there  i s  no n e t  flow of Compton e l e c t r o n s  in  e i t h e r  

d i re r t ion  

aLerage f i ss ion  fragment charge ,  the counterflobi of  d e c a \  b e t a s  b e i n g  ignored.  

‘The  current  is ?&en to be ecp.la! to the r a t e  of fiesior. f r a g z e z ?  traLersa! mzl t ip l ied  S i  

F o r  an e x a c t  ca lcu la t ion  of  ou tput  from a par t icular  c e l l ,  i t  would be n e c e s s a r y  to e l imina te  most  of t h e s e  

a s s u m p t i o n s .  However ,  none  o f  them a p p e a r s  to introduce gross  errors ;  c a l c u l a t i o n s  on t h i s  b a s i s  are cer ta in ly  

a d e q u a t e  for comparison of  geometr ic  configurat ions,  cell vo l tages ,  and fue l  l a y e r  t h i c k n e s s e s .  

3 
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111.  CALCULATION OF EFFICIENCY 

A. Definit ion of Cel l  Efficiency 

‘The e lec t r ica l  e f f ic iency  of a f i s s i o n  e l e c t r i c  cell can be def ined  as the fract ion of to ta l  f i s s i o n  power  

which b e c o m e s  ava i lab le  as e l e c t r i c  power output .  For s t e a d y - s t a t e  opera t ion ,  e l e c t r i c  power output  p e r  u n i t  a r e a  of 

fuel  l a y e r  can  be ca lcu la ted  as the product  of V ,  the fixed v o l t a g e  d i f fe ren t ia l  betf ieen anode  a n d  ca thode ,  e ’, t h e  

charge  on e a c h  f i ss ion  fragment, and 77, the  number o i  f i ss ion  i ragmenrs  p e r  s e c o n d  r e a c h i n g  the m o d e  f i o i i i  edch 

s q u a r e  cent imeter  of fuel s u r f a c e .  

The corresponding to ta l  f i s s ion  power i s  that  produced in o n e  s q u a r e  cent imeter  of fuel layer - tha t  is, the  

product  of  T ,  the  fuel lay-er t h i c k n e s s .  Y, :hc ~un;hrr of f i ss ion  f r a p , e n t s  produced  per c u b i c  cent imeter  F e r  s e r o n d  

i n  Lei. alti i:: the i iss i t ,n  e n e r p  a s s o c i a t e d  with e a c h  fissiuu f i i i p : e n i .  If;& t i io  fiagriien:r per  f i s s i ~ n ,  E : s  j z s t  

one-half  of the  enere)  per  f i ss ion  which i s  ac tua l ly  depos i ted  in the r e a c t o r  s y s t e m  - t h a t  is ,  to ta l  energ?i p e r  f i s s i o n  

minus  the energ)  carried ai\ay by e s c a p i n g  neut r inos ,  n e i i t r o n s .  and  gamma r a y s .  

I .  . 

E l e c t r i c a l  eff ic iency &can  t h u s  be wri t ten:  

7 NE ’ 

F o r  any given ce l l  configuration and  opera t ing  condi t ion,  E fol lows immediately from q. t lowever ,  

V ,  7 ,  and geometry,  and m u s t  be  c a l c u l a t e d  as  shown below.  

i s  a funct ion of 

A portion of the fuel l a y e r  can  be drawn as fol lows:  

t Z 

i 
4 
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where  the  lower  p lane  r e p r e s e n t s  the fuel-vacuum interface through which f i s s i o n  f r a p e n t s  p a s s  on the i r  way to the 

anode .  The upper  p l a n e  i s  the  fuel  l a y e r - s t r u c t u r a l  mater ia l  i n t e r f a c e .  F i s s i o n  f ragments  from the a r b i t r q  volume 

e l e m e n t  dl.’ within the  fuel  l a y e r  t r a v e r s e  t h e  d i s t a n c e  r i n  fuel mater ia l  a n d  p a s s  through the  s u r f a c e  e lement  dS. I n  

s p h e r i c a l  coord ina tes ,  

d l ’  = r2 s i n  0 dr d0 d$ 

B. Zero Voltage Case 

For  the s i m p l e  c a s e  of c e l l  vo l tage  I’  = 0, the number of f i s s i o n  f r a p i e n t s  p e r  s e c o n d  p a s s i n g  through the  

s u r f a c e  a n d  r e a c h i n g  the  anode  is 

d n o  = 0 

If T A, a very s i m p l e  r e s u l t  i s  ob ta ined:  

if r > X  

N 11 .Yh f i s s i o n  f ragments  
T o  = ~ J r r 2 d 0  f d r J 2 ” d $ s i n B c o s t ?  = ~ -- 

4 cm2 s e c  47- O -0 0 

t h e  region of in tegra t ion  b e i n g  merely a hemisphere  of radius  A .  If 7 < h. the  r a t e  of f low of f i s s i o n  f r a p e n t s  

through t h e  fuel  s u r f a c e  wil l  be l imi ted  by fuel  l a y e r  t h i c k n e s s  ra ther  than A over  the  range  0 5 6 5 t i 7 :  

-T- 
T 

Z 
4 

7 
cos BT = - 

A. 

5 
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and the region of integrat ion is now a t runca ted  hemisphere :  

1v 77 2 x 2 n  9 r s e c B  . 2 r  

4.77 
n = - (JOT d B  dr  d 4  s i n  t, c o s  f' + 7 d P  ' dr dc; i i n  L, C C I \  ,U 

0 0 '0 0 0 ' 0  

I- 

2 
- 
~ 

C. Fini te Voltage C a s e  

F o r  the  s i tuat ion of a c t u a l  i n t e r e s t ,  where a vol tage  I.' e x i s t s  be tween anode  a n d  fuel layer .  the  e l e c t r i c  

f ie ld  c r e a t e d  by  t h i s  vol tage h i n d e r s  the p a s s a g e  of f i s s i o n  f ragments  a c r o s s  the v a c u u m  gap  to the anode,  g iv ing  a 

new 7 ,  ,; q o ,  In order tu c ross  the \acuuiii gap a g a i n s t  t h i s  o p p o s i n p  firill. a f i ss ion  fragment nirist emerge  from t h e  

fiii.1 l a y e r  Mith energ,. E 2 !?mi,,.  here E n l i n  is a functioii of vol taFc.  groiiirtr:;. mntl ,ing!c of crniss ion.  .4ccord ing  

to the  l i n e a r  energy lo s s  assumpt ion .  c h i s  m e a n s  that  all f i ss ion  f raements  or ig ina t in?  in the  region 0 5 r 5 rnia.l, 

r m a x  

the fuel-vacuum interface,  but will be  turned back by t h e  e l e c t r i c  f ie ld .  For r > A, the  f i s s i o n  f ragments  wi l l ,  of 

course ,  be s topped  in the fuel  l a y e r .  

= A [ ( E 0  - E m i n )  E o ] ,  will reach  the anode .  T h o s e  or ig ina t ing  in t h e  region rmnr  5 r .< A will p a s s  through 

The minimum emerge=: c n c r g  ncccssa,:; tc; overcome the e l e c t r i c  fie!d m u s t  be found as  a funct ion of !/ w.6 

a r g l ~  of emerFence  f o r  e a c h  geometry: 

1. P a r a i i e i  P l a t e  Elec t rodes  

S ince  the  potent ia l  i s  a funct ion of z a l o n e ,  t h e  x and y components  of ve loc i ty  a r e  c o n s t a n t .  

/ d 

I 

6 



IPL Technical  Report No. 32-105 

Therefore ,  s i n c e  energy is conserved:  

where u z  i s  the z component of veloci ty .  A minimum energy fragment,  j u s t  ab le  to reach  the  anode ,  wi l l  have  

(u, )  = 0, giv ing  the relat ion:  
z= d 

Combined with the  assumpt ion  of l i nea r  energy lo s s  in  pene t ra t ing  fuel mater ia l :  

or 

i Fe ' 

E ,  c o s 2  d 
r = A  1 -  m a x  [ 

I t  can be seen  that ,  for  the I. > 0 c a s e ,  there a l s o  e x i s t s  a maximum ang le  of use fu l  emis s ion ,  6,,,,,, 5 ~ , ' 2 ,  

s i n c e  eken the mos t  ene rge t i c  f r a m e n t  will  h a \ e  too smal l  a z component of ve loc i tv  to pene t r a t e  the e l e c t r i c  f ie ld  

if i t  is emi t ted  a t  any angle  grea te r  than 

7 
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T h u s ,  for a thick fuel layer, the region of in tegra t ion  i s  now 

Z 
A 

where Bmaz could  a l s o  be obta ined  by s e t t i n g  rmaz  = 0. This i s  phys i ca l ly  iden t i ca l  to the  argument above ,  s i n c e  

E ,  is j u s t  the energy  of a fragment which has pene t r a t ed  zero t h i c k n e s s  of fuel mater ia l .  

J u s t  as i n  the Ti = 0 c a s e .  the  two pnssihilit ie- nf Pnergy-!imitPd, and fiie!-!A_vpr-thiClr.r?ePP-!imitec! i - -  frap.e.n.t 

cur ren ts  must  be cons idered .  The criterion which d iv ides  the th ick- layer  (energy-limited) from the th in- layer  c a s e  i s  

now: 

r > h  1---  thick l aye r  ( !,') 
thin l aye r  

/ v e q  

T h a t  i s ,  for t he  thick-layer c a s e  r 2 rmal for all a n g l e s  6 ,  and the  fragment cur ren t  i s  equal  to tha t  which would be 

obta ined  for a fuel layer  of inf ini te  t h i ckness .  For  the  th in- layer  c a s e ,  there  e x i s t s  an a n g l e  6, s u c h  t h a t  for all 

6 5 e7 the  f ragments  are capab le  of pene t r a t ing  the  full  t h i c k n e s s  of fuel l aye r  and  s t i l l  r each ing  the anode: 

Z 

f 

8 
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or  

c o s  o7 = - 2 (; +JE) 
The fragment current r e a c h i n g  the  anode  can thus  be \+rit ten: 

for 

for 

? 



JPL Technical Report No.  32-105 

2. Concent r ic  Sphere  Elec t rodes  

' I h e  f u e l  l a y e r  is a s s u m e d  to be on t h e  outer  s u r f a c e  of t h e  inner  s p h e r e ,  the inner  s u r f a c e  of the  o u t e r  

s p h e r e  a c t i n g  a s  the  f iss ion fragment co l lec tor .  S ince  the  poten t ia l  s u p p l i e s  a cent ra l  force  field, each fragment  

t ra jectory m i l l  l i e  completely in a s i n g l e  azimuthal  p lane :  

NT TRAJECTORY 

Combining the  above:  

A minimum e n e r p  fragment, j u s t  ab le  to reach  t h c  anode.  will h a v e  ( v , )  = 0 ,  giving:  
R ' R 2  

10 
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Kith the  a s sumpt ion  of l i nea r  e n e r g  l o s s  in t r ave r s ing  fuel mater ia l ,  t h i s  becomes:  

E . =  

or 

rmax = A - \  E O  
I 

O n e  e x p e c t s  t ha t  there  will  a l s o  e x i s t  a emax beyond which i t  is ene rge t i ca l ly  imposs ib l e  for an emi t ted  

fragment to reach  t h e  anode ,  j u s t  as in t h e  c a s e  of p l ane  e l ec t rodes .  However,  the s i t ua t ion  in the  sphe r i ca l  c a s e  i s  

somewhat  more complex. Subs t i t u t ing  s in  6' = 1 in t h e  above, i t  i s  s e e n  that  rmar  remains  g rea t e r  than zero even a t  

6 = n / 2 ,  provided (Ve ' / E o )  < (1 - R : / R 2 ) .  T h a t  i s ,  because  of the s p h e r i c a l  geometry of t he  e l ec t rodes ,  i t  would 

he ene rge t i ca l ly  p o s s i b l e  for a fragment to r each  the anode even when in i t i a l ly  d i r ec t ed  a t  an ang le  6 > ~ / 2 ,  

provided the r e s i s t i n g  poten t ia l  is l e s s  than the  cr i t ical  amount above .  T h i s  i s  phys i ca l ly  imposs ib l e ,  however,  

s i n c e  an inward-d i rec ted  fragment wiil  simply be stopped in the fuel layer ;  for the assumpt ion  of e f fec t ive ly  p l a n e  

s o u r c e s ,  a l l  a n g l e s  6 > 7 ~ 1 2  a re  forbidden. Therefore ,  it  is n e c e s s a r y  to s e t  d,,, = 71 '3  for a l l  I.' s uch  tha t  

(P'e ' / E o )  < (1 - R : / R i ) ,  and the fragment cur ren t  i s  sur face- l imi ted .  T h e  region of in tegra t ion  i s  then: 

2 

I 

I 

11  
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&hen ( V e  ' ' E ,  1 (1 - R : / R i ) ,  r m D x  goes  to  zero for some Omax 5 71/2, beyond which i t  i s  no t  ene rge t i ca l ly  

p o s s i b l e  for t he  fragment to reach the anode a g a i n s t  the poten t ia l  V .  In t h i s  c a s e ,  t he  region of in tegra t ion  i s  

i den t i ca l  to t ha t  for plane e l ec t rodes .  Se t t i ng  r m a x  = 0 g i v e s  

or 

iul. til I s  po ten ti d - i  inii red c a s p  

7-2 A (1 - k-') t h i c k  l a y e r  

' f i e  d iv id ing  ang le  6, i s  now found from 

which is a cubic  equation in c o s  8, or s in  8,. 

' f i e  f ragment  current r each ing  the anode  for t he  above  four sphe r i ca l  c a s e s  i s  

12 
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for 

for 

for 

for 

where 
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l 

and OT i s  found froni: 

3 .  C o n c r n t r i r  C\  l i nde r  ! l e r t r o d c s  

'l-he fuel 1ayI.r is a,c:din t a k c n  to bc  on the o u t c r  surface of t h r  i nne r  electrode 

\ 

* Z  

+t FRAGMENT TRAJECTORY 
PROJECTED ON Z = 0 PLANE 

Since t h e  potent ia l  i s  a function of K a lone ,  t h e  2 components  of momentum a n d  o f  angu la r  momentum will  be 

conscrxed.  as well  as the e n e r p :  

( V , )  = (v,) = uo s i n  O. 

R = R 2  R =K 1 

14 
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Combining the above:  

A minimum energy  fragment,  j u s t  ab le  to  reach  the anode, will have  (u,)  = 0 ,  giving: 
K = R 2  

L'e ' 2 1 
Emin = - !I ( v 0 )  , 

mrn 2 
= 

Rf 

~ 
Kith the l i nea r  energv  l o s s  assumpt ion  i n  p a s s a g e  through fuel mater ia l :  

or 

r 
E O  

The a n g l e  amax i s  a lways  potent ia l - l imited,  as w a s  6 in t he  p l ane  c a s e ,  s i n c e  the  component of fragment 

ve loc i ty  d i r ec t ed  towards the ou te r  e l ec t rode  i s  proportional t o  c o s  a;  i t  app roaches  zero  a s  u approaches  7112. How- 

ever ,  u i s  a function of E as wel l  as  V ;  the fragments are  no t  emi t ted  into a n  az imutha l ly  symmetric f ie ld  a s  they  

were in the  p l a n e  and sphe r i ca l  c a s e s ,  and a s ing le  angle  such  as 6 i s  i n su f f i c i en t  to p re sc r ibe  their  t r a j ec to r i e s .  

J u s t  as  w a s  d o n e  previous ly  for Bmar, a m O x  can  be found by s e t t i n g  rmar  = 0, g iv ing  now the  l a r g e s t  cx a t  which 

f ragments  of energy  E o  can s t i l l  pene t r a t e  t he  e l e c t r i c  field for each  va lue  of 8: 

m a x  

I'e ' 

L 

15 
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~ ~~ 

or 

-1 
= c o s  amax 

The angle  Z m a x  i s  s imi la r  to Omax in t h e  s p h e r i c a l  c a s e  in  t h a t  i t  i s  a funct ion of C' for l a r g e  V ,  and i s  n / 2  

for smai i  b', where t h e  potent ia l  does  n o t  prevent  e m i s s i o n  downward i n t o  the  fuel  l a y e r .  The quant i ty  6 r e a c h e s  i t s  

l a r g e s t  va lue  when none of t h e  fragment energy i s  devoted  to  a x i a l  motion ( a  = 0). T h u s ,  for t h e  poten t ia l - l imi ted  

c a s e :  

or 

when 

For the surface- l imited c a s e :  

when 

V e  ' 

EO 

16 
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45 hefore.  t h w e  e x i s t  th ick- la \  er a n d  thin-la? e r  caqes :  

thick l a v e r  t - -3 
- -3 thin l aye r  

1 The d iv id ing  s u r f a c e  hetw-een ene rp - - l imi t ed  and  th ickness- l imi ted  emi t t ing  vo lumes  is noM no  longe r  a c i rcu lar  c o n e  

o f  a n y l e  6. I t  is d e l i n r a t e d  

d iv id inz  s u r f a c e  ( a t  2, = 0 ) .  :It the  d iv id ing  su r face :  

I-. rthich is a functitin of 5. and  b!- >-. w h i c h  is t h e  l a r g e s t  5 occurr ing  on the 

1 e '  

E O  

~ 

This i s  a c u b i c  equa t ion  in  cos  ET or s i n  Z T .  from Mhich  ST m u s t  he found. 

17 
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‘The fragment current r each ing  the anode  for the  above  four cyl indr ica l  c a s e s  i s :  

a N 7 2  m a x  
= - /  d 8  \ da Pax dr c o s 2  a c o s  6 

-0  0 ?T 

for 

I 

n =  I dE I da f dr  c o s 2  a c o s  
z , ‘ m a x  r a m a x  

., -0 -0 -0 

for 

c 
7 

7 r a r \ (9) 
m u 1  r n n x  7 2  m a x  m a x  

t I /  d T  t lr  c o s 2  a cos  b + ,f d 8  I da r dr c o s 2  a c o s  (i 
n 

( t  0 8 7  0 ’0 1 

for 

18 
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for 

m e r e  

r =A. rn a x  

s i n 2  F; 1 
/ 

/ I e ’  
____ 

is found from: 

19 
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IV. NUMERICAL SOLUTION 

F h i l e  the q can be  obta ined  in a n a l y t i c  form for p l a n e  and  s p h e r i c a l  geometr ies ,  i t  i s  n e c e s s a r y  to u t i l i z e  

numer ica l  computation to obtain the i n t e g r a l s  for cy l indr ica l  c a s e s  a n d  a l s o  to determine 0, a n d  8,. In  a c t u a l  

prac t ice ,  i t  w a s  simpler to  perform all the  in tegra t ions  numer ica l ly ,  u t i l i z i n g  the  IRM 704 computer a n d  a s i n g l e  

program which carr ied o u t  the fol lowing opera t ions :  

Integral I 

E O  v ernax do 

E '  27- O 
& = - -  - J  dr s i n  0 c o s  8 

0 

I -  1 C O S  6 

Integral It 

where 

V 

r is t h e  s m a l l e r  of rn a x  
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c 1 

Integral 111 

where 

I r is the  sma l l e r  of m a x  

" 

I 1 -  . 

c o s  2 c o s  t 

I 

T h e s e  i n t e g r a l s  are j u s t  t he  e f f i c i e n c i e s  in the  plane.  sphe r i ca l ,  and  cy l indr ica l  c a s e s  d i s c u s s e d  above  

expres sed  in the  u n i t s  

I '  in u n i t s  of E o / e  ' 

7 in  u n i t s  of A 

.b energy rat io  E,/E ' = 0.9 w a s  a s sumed .  

21 
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V .  RESULTS 

‘I’hc cparitit) 8 has been ca l cu la t ed  for t h e  th ree  geonie t r ies  over  the  po ten t i a l  r ange  V = 0 to I ’  = E o / e  ‘, 

f o r  fuel l a y e r  thicknesses from 0 to 1 0 : ~ ~ .  I n  sl,lierii,ci! a n t i  cy l indr ica l  geomet r i e s ,  a s e r i e s  of R , / R ,  v a l u e s  has been  

utiliLc:d ~ h i c h  appears  to cover  the  most  u s e f u l  r ange  for  r e a c t o r s  in space  app l i ca t ion .  R e s u l t s  a r e  shown in Fig. 2 

through ,I. 

V i .  A N A L Y T I C A L  SOLUTIONS 

l<’or p u r p o s e s  of comple t eness .  t h e  so lu t ions  u h i r h  h a v e  been ohta ined  in ana lc  tical form r a n  he 

surrini a i  i t a  t i  : 

1’1 an c Para1 le1 b:lec trodes:  

for 

for 

1 -  
7 

4 h  

1 

4 

A V e  ’ 

EO 
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Spherical Electrodes: 

I e 'A 

EO 

for 

for 

r > h  - 

,- 

- "> ;  EO 

i e '  h & = ~ {r[1 - c o s 6 , l  + - 
2 E ' r  2 

for 

f r 

V e  ' 
- <  
EO 

+ -- 

EO (a'] 

(13) 

(14) 
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VACUUM FISSION # F R A G M E N T  

/ 

Fig. 1. Simplified f iss ion cell 
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VOLTAGE 

Fig. 2.  Eff i c i ency  v s  voltage for paralle! p l ane  e l ec t rode  f i s s ion  cell  
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F i g .  3. 1':fficiency vs  vo l t age  for sphe r i ca l  e l ec t rode  f i s s ion  ce l l  
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Fig .  4. Eff ic iency  v s  vol tage for cyl indrical  e lec t rode  f i ss ion  ce l l  
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